Pore waters and surface waters were collected from a freshwater system in southeastern Louisiana to investigate the geochemical cycling of oxyanion-forming trace elements (i.e., Mo, W, As, V). A small bayou (Bayou Fortier) receives input from a connecting lake (Lac des Allemands) and groundwater input at the head approximately 5 km directly south of the Mississippi River. Marsh groundwaters exchange with bayou surface water but are otherwise relatively isolated from outside hydrologic forcings, such as tides, storms, and effects from local navigation canals. Rather, redox processes in the marsh groundwaters appear to drive changes in trace element concentrations. Elevated dissolved S(-II) concentrations in marsh groundwaters suggest greater reducing conditions in the late fall and winter as compared to the spring and late summer. The data suggest that reducing conditions in marsh groundwaters initiate the dissolution of Fe(III)/Mn(IV) oxide/hydroxide minerals, which releases adsorbed and/or co-precipitated trace elements into solution. Once in solution, the fate of these elements is determined by complexation with aqueous species and precipitation with iron sulfide minerals. The trace elements remain soluble in the presence of Fe(III)-and SO 4 2--reducing conditions, suggesting that either kinetic limitations or complexation with aqueous ligands obfuscates the correlation between V and Mo sequestration in sediments with reducing or euxinic conditions.
Introduction
Deltaic wetlands are important sites for carbon cycling and ecosystem productivity and provide a barrier for inland communities against storms (Chmura et al., 2003; Day et al., 2007; Kemp et al., 2014) . Owing to their dynamic nature, deltaic wetlands are sensitive recorders of changing hydrologic regimes, anthropogenic influence, and sea level rise (Paola et al., 2011) . Particularly important is their function as a filter for anthropogenic contaminants between upland regions and the ocean (Windom et al., 1989; Alewell et al., 2008) . The biogeochemical reactions that occur within deltaic wetlands can ultimately impact marine biogeochemistry and fluxes of constituents to the ocean (Bianchi and Allison, 2009) . Although many studies have focused on the influence of large river fluxes to the ocean (e.g., Martin and Whitfield, 1983; Shiller and Boyle, 1987; Bianchi and Allison., 2009) or the biogeochemistry of shallow pore waters (e.g., Kostka and Luther, 1995; Sundby et al., 2003) , much less is known about biogeochemical processes at depth in deltaic marsh systems and how these processes may affect fluxes of constituents to the coast (Beck et al., 2008) .
In this study we focus on the biogeochemical cycling of redox sensitive trace elements (i.e., Fe, Mn, Mo, W, As, V) in marsh groundwaters exchanging with an interdistributary lake of the Mississippi River Delta system. The fate of these trace elements in coastal systems has important consequences for biological cycles, potential contamination in the environment, and because of their redox sensitivity, their use in paleoredox reconstructions in paleoceanographic studies (Bone et al., 2006; O'Connor et al., 2015) . Owing to the seasonal variation in redox reactions, cycling of trace elements is dynamic, and concentrations are representative of numerous processes, including biologically mediated redox reactions, adsorption/desorption reactions, and ion-exchange reactions occurring within the marsh system. For Cruywagen, 2000; Smedley and Kinniburgh, 2002; Wright and Belitz, 2010; Gustafsson, 2003) . As oxyanions, desorption from mineral surfaces occurs at alkaline pH where mineral surface charges become increasingly negative (Hingston et al., 1967; Stumm and Morgan, 1996) . Adsorbed oxyanions will also be released to solution upon reductive dissolution of Fe(III)/Mn(IV) oxide/oxyhydroxide host phases (Davison, 1993; Lovley, 1987) .
Under sulfate reducing conditions, the production of dissolved sulfide can also influence the speciation and reactivity of these trace elements as S(-II) can act as both a reducing agent or complexing ligand (Clarke and Helz, 2000; Erickson and Helz, 2000; Planer-Friedrich et al., 2007; Mohajerin et al., 2014) . For example, vanadate can be reduced by H 2 S to the more particle reactive V(IV) or V(III) oxidation states, leading to decreasing aqueous concentrations (Wanty, 1986; Breit and Wanty, 1991) , whereas under sulfate reducing conditions, Mo, W, and As are converted to thioanions with or without reduction (Cullen and Reimer, 1989; Erickson and Helz, 2000; Vorlicek et al., 2004; Planer-Friedrich et al., 2007; Dahl et al., 2013; Mohajerin et al., 2014) . Less described but equally important is the role of organic matter affecting the solubility of these trace elements through complexation or adsorption processes (e.g., Wehrli and Stumm, 1989; Tribovillard et al., 2006; Koutsospyros et al., 2006) . Polymeric forms of Mo, W, and V also exist but are negligible at the typically low metal concentrations (i.e., nanomolal, picomolal) and circumneutral pH values observed in most natural waters (Baes and Mesmer, 1976; Wesolowski et al., 1984; Wanty and Goldhaber, 1992; Cruywagen, 2000) .
Detailed studies of trace element cycling in marsh groundwaters (1e6 m depth) are lacking, especially in Mississippi River Delta groundwaters, and to the best of our knowledge there have been no investigations of trace element cycling between deeper groundwaters and surface waters in the Mississippi River Delta region. Consequently, we sampled groundwaters and surface waters at an interdistributary freshwater deltaic lake (i.e., Lac des Allemands) over the course of a year to investigate processes that control trace element cycling in the system. Trace element concentrations are discussed within the context of redox chemistry of the marsh and comparison with nearby surface water samples. We highlight the importance of competition between redox processes acting to release or sequester trace elements in the sediments and complexation with dissolved ligands, which can act to increase the effective solubility of some of the studied trace elements, while enhancing the removal of others from solution.
Study site
The study site is located at Lac des Allemands, an interdistributary lake in the Mississippi River Delta (Fig. 1) . The Mississippi River Delta formed by a series of river avulsion events beginning 7000 years ago and built around 25,000 km 2 of river deposits with each of the 6 lobes observable today (Fisk et al., 1954; Roberts, 1997) . Upon abandonment of a lobe, fine-grained deposits associated with interdistributary bays, tidal flats and marshes overlaid the coarser-grained river deposits (Coleman, 1988; Seybold et al., 2007) . The Lac des Allemandes systems lies between Bayou LaFourche, which was the main channel of the Mississippi River from about 1300 years before present to about 500 years before present, and the modern mainstem of the Missisippi River. During this period, the region accumulated a complex stratigraphy of organic matter, as well as fine and coarse-grained material, with each depositional facies related to the proximity of the outlet and crevasses in the Mississippi River (Kosters et al., 1987; Tornqvist et al., 1996; Roberts, 1997) . Lac des Allemands is hydrologically connected to the southern portions of Barataria Basin by Bayou des Allemands (Fig. 1A) . Barataria Basin is presently under a transgressive phase, experiencing subsidence, saltwater intrusion, and erosion (Kosters et al., 1987; Kolker et al., 2013; Couvillion et al., 2011; Roberts, 1997) . Furthermore, anthropogenic levee structures that constrain Mississippi River flow in the southern Mississippi River Delta prevent future river migration and land building by overbank flow. Consequently, the adjacent sediment-starved wetlands in the southern portion of the basin are left vulnerable to sea level rise and storm surge inundation (Reed, 2002) . Lac des Allemands is also considered to lie within the "industrial corridor" of the delta that includes abundant industrial facilities and a number of Superfund waste sites (Catallo et al., 1995) . The region surrounding Lac des Allemands is classified as freshwater marsh, and the marsh is dominated by freshwater spikerush species, such as Panicum hemitomon (maidencane), Typha latifolia, and Eleocharis macrostachya Britton (Kosters et al., 1987; CRMS) . There are no surface water sources to the upper Barataria Basin, although the Davis Pond Diversion opens to Lakes Salvador and Cataouatche to the south of Lac des Allemands (Fig. 1A) . Precipitation is the main surface water input, of which about 40% is available for runoff (Inoue et al., 2008 , and references therein). Runoff from agricultural and industrial areas accumulates nutrients, which may then accumulate in the lake. Lac des Allemands is a hypereutrophic and fresh lake, with salinities below 0.5 ppt (Ren et al., 2009) . Lac des Allemands waters are considered to be Nlimiting, and the cyanobacteria species Anabaena spp., Anabaenopsis spp., Cylindrospermopsis raciborskii spp., and Aphanizomenon spp. constitute the predominant phytoplankton species within the lake. The depth of Lac des Allemands ranges between 2 and 3 m and is therefore likely a polymictic lake (Ren et al., 2009 ).
Methods

Field methods
A number of small bayous extend from the lake and terminate in the adjacent wetlands (Fig. 1B) . We focused on Bayou Fortier, which is the largest and most northern of these bayous because it extends north to near the natural levee of the Mississippi River and within 5.4 km of the river (Fig. 1C) . Six piezometers (W1eW6) were installed in September 2013 along Bayou Fortier using vibracoring techniques (Lanesky et al., 1979) . A marsh fire the following winter cleared enough vegetation to allow the installation of three additional piezometers farther inland (W7eW9; Fig. 1C ). Piezometer W4 is the closest to the Mississippi River and is located within the cypress swamp near the northern reach of Bayou Fortier (Fig. 1C) . Additionally, a piezometer was installed on farmland in Edgard, Louisiana (EDG), directly north of Bayou Fortier and 0.88 km south of the Mississippi River, and two piezometers were installed at different depths (183 cm and 488 cm) along the western edge of Lac des Allemands on farmland in the town of Vacherie, LA (Fig. 1B) . These "farmland cores" were taken using a Geoprobe ® technical drilling machine, and the piezometers were emplaced in the resulting boreholes. All piezometers were constructed from PVC pipes connected to a PVC Well Point that contained a 0.91 m screened interval. In addition to the groundwater samples collected from the piezometers, surface water samples were collected from Bayou Fortier as well as Lac des Allemands (Fig. 1B) . Additionally, a surface water sample was also collected at a bayou (St 8) along LA route 3127 located 3.4 km south of the Mississippi River and 2 km north of Lac des Allemands piezometer W4 (Fig. 1B) . Cores collected from Lac des Allemands sample W4 and all three of the farmland cores reveal coarse-grained sediments at depth in contrast to the very fine-grained organic-rich units constituting the remaining Lac des Allemands samples (W1-3, W5-9; Fig. 2 ). Surface water samples were collected April, May, July and September of 2013 and in February, April, May, and September of 2014. Groundwater samples from the marsh piezometers were collected October of 2013 and again in February, April, May, and September of 2014 (Appendix A). Groundwater samples from the piezometers on farmland (VACW1, VACW2, and EDG) were sampled during the May and September sampling campaigns of 2014. All sampling equipment used to collect water samples was cleaned prior to sampling according to trace-metal clean procedures, and sample bottles were rinsed three times prior to collection with filtered sample water (e.g., Johannesson et al., 2004) . Surface water samples were collected just below the bayou and lake surface using a peristaltic pump with Teflon ® tubing attached to a 0.45 mm Gelman Sciences (polysulfone ether membrane) in-line filter. Groundwater samples were similarly sampled using a peristaltic pump after measuring depth to water level. Approximately 30 mL of filtered water sample was passed through anion exchange columns (Biorad prefilled AG ® 1-X8
Resin converted to acetate form) in order to separate As(V) and As(III) species. At neutral pH and oxic to ferruginous conditions, As(V) occurs as the ionized, arsenate oxyanion (e.g., H 2 As V O 4 À and
) and is therefore retained on the column, whereas As(III) occurs as fully protonated arsenic acid (i.e., H 3 As III O 3 0 ), which because it is a neutral species, passes through the column to be collected in a pre-cleaned HDPE bottle (Ficklin, 1983; Wilkie and Hering, 1998) . Total As(III) is measured in this eluted fraction, and total As is measured from a separate fraction, both by sector-field ICP-MS as described below (sec. 3.2). Total As(V) is then determined as the difference between As Total and As(III) (Wilkie and Hering, 1998; Haque and Johannesson, 2006) . Total As(III) is assumed to consist of both As(III) bound with O as an oxyanion and As(III) bound with S as a thioanion. Similarly, total As(V) is assumed to consist of both the arsenate oxyanion and thioarsenate. This approach is imperfect because thioarsenite species may also bind to the anion-exchange column and lead to underestimation of As(III) species (Jay et al., 2004; Yang et al., 2015) , but without the ability to immediately measure speciation with HPLC (e.g., Planer-Friedrich et al., 2007) , this is the most accurate method. Filtered samples were acidified with ultrapure HNO 3 , chilled with ice in the field and transferred to a refrigerator at Tulane University where they were stored at 4 C until analysis. Field blanks and duplicates were collected to control for contamination and to evaluate reproducibility during sample and analysis. Trace element analysis of the major cation and trace element samples was completed within two weeks of sample collection.
A YSI handheld multiparameter sonde was used to measure temperature, salinity, conductivity, and dissolved oxygen, and an Oakton ® meter was used to measure pH. Eaton et al., 2005) , and S(-II) was measured using the methylene blue method (detection limit 0.31 mmol kg À1 ; Eaton et al., 1995b) , which is based on Cline (1969).
Major cation and trace element analysis
The concentrations of a suite of major cations and trace elements were determined using a Thermo Fisher Element II high resolution (magnetic sector) inductively coupled plasma mass spectrometer (HR-ICP-MS). Major ions (Na, Mg, K, Ca, Sr, Ba) were diluted 100-to 10,000-fold with 2% (v/v) Helz and Tossell (2008) , Erickson and Helz (2000) , and Mohajerin et al. (2014) , respectively, as described by Yang et al. (2015) . Thiomolybdate and thiotungstate formation constants have been determined experimentally by Erickson and Helz (2000) and Mohajerin et al. (2014) , respectively. The sulfidation reactions for As, however, are estimated from ab initio computations, and although this dataset is preliminary, it provides the most current dataset available (Helz and Tossell, 2008) . In addition to the sulfidation reactions, the modified database of As speciation includes dissociation constants of arsenous and arsenic acids (Nordstrom et al., 2014) and solubility constants for As-bearing minerals from Webster (1990) , Eary (1992) , Nordstrom and Archer (2003) , and Nordstrom et al. (2014) . We assumed that all measured As(III) was available for sulfidation reactions to form thioarsenite and all calculated As(V) was available to form thioarsenate species in the modeling (Yang et al., 2015) . As mentioned above, this approach suffers from the potential interaction of thioarsenites with the column. However, without sulfur speciation data, specifically, quantification of zerovalent sulfur, it is not possible to systematically model As speciation between As(III) and As(V) species using the total dissolved As concentration . With these limitations acknowledged, the model is capable of predicting As redox and thioanion formation at the order of magnitude level in Lac des Allemands waters and therefore broadens our ability to understand As cycling in these waters (Yang et al., 2015) . The database also includes the solubility data for the iron sulfide minerals, mackinawite and greigite, taken from Rickard et al. (2006) and Morse et al. (1987) , respectively, in addition to a possible FeeMoeS mineral species of the form FeMo 0.6 S 2.8 proposed by Helz et al. (2011) . Recent work suggests that the hexavalent Mo in this species may be partially reduced, but the effects on the resulting equilibrium constant are negligible in shallow sediment pore waters Mohajerin et al., 2016) .
Results
General geochemistry of surface waters and groundwaters
Hydrogeochemical facies for surface waters and groundwaters are presented on Piper diagrams to classify the waters based on relative proportions of major cations and anions ( Fig. 3A and B ; Santos et al., 2008) . The major ion data are consistent with interpretations that groundwater derived from the Mississippi River is transported through a buried sand channel and discharges at the head of Bayou Fortier in the vicinity of surface site S7 (Kim, 2015) . In particular, the bayou surface waters plot in a more Ca 2þ enriched region than the lake surface waters, reflecting input from the Mississippi River, which is enriched in Ca 2þ relative to the lake surface waters (Appendix C; Fig. 3A ). Furthermore, Swarzenski et al. (2008) demonstrate that water derived from the Mississippi River has a constant CaeMg ratio, and Fig. 3C shows that the bayou waters show a significant correlation between Ca and Mg with Mississippi River water samples. The major cation data is therefore consistent with groundwater derived from the Mississippi River discharging at the head of Bayou Fortier and subsequent dilution of this water upon mixing in Lac des Allemands. The major ion composition of the groundwaters suggests that there is hydrological communication between the bayou and the marsh groundwaters ( Fig. 3A and B relative to the other samples, suggesting greater hydrological influence from the Mississippi River. The major cation data imply that the sand-rich units present at EDG, VACW1, VACW2, and W4 are probably laterally continuous to the Mississippi River levee sand deposits (Kim, 2015) .
Using dissolved Fe as a proxy for anoxia (Fe ! 100 mg L À1 or 1.8 mmol kg À1 ), all of the groundwater samples, except for the May VACW1 sample, are classified as anoxic (Wright et al., 2014; McMahon and Chapelle, 2008) . Additionally, based on the classification scheme of Berner (1981) , the groundwaters were both anoxic and sulfidic (S(-II) > 1 mmol kg À1 ) at all locations during the October and February sampling events (Appendix D). Together, these classifications indicate that groundwaters were generally reducing and favored the dissolution of Fe(III)/Mn(IV) oxides/oxyhydroxides, especially during the autumn and winter. Moreover, all groundwaters exhibited acidic to neutral pH, reflecting the high organic content of freshwater marsh sediments (Appendix D; Feijtel et al., 1988; Nyman et al., 1990; Neubauer et al., 2005; Swarzenski et al., 2008) .
Trace element geochemistry of surface waters and groundwaters
Surface water concentrations of trace elements (Fe, Mn, Mo, W, As, and V) are presented as a function of distance from the Mississippi River ( Of the trace elements, only Mo concentrations show a statistically significant variation as a function of distance from the river in surface waters from Bayou Fortier and Lac des Allemands (Fig. 4C ). Vanadium and As concentrations vary between 4.31 and 140.0 nmol kg À1 and 7.44e189 nmol kg
À1
, respectively, and show no discernible trend as a function of distance (Appendix C; Fig. 4E and F). The surface water samples with exceptionally high concentrations of V and As (e.g., S3 and S5 in July) that occur seemingly randomly throughout time and location may arise from resuspension of bottom sediments within the lake. Conversely, W concentrations in the surface waters from Bayou Fortier and Lac des Allemands are low, with 90% of the sample concentrations below the detection limit (39 pmol/kg; Fig. 4D ).
In contrast to the surface waters, trace element concentrations (Mo, W, As, V) of the groundwater samples vary through time and with location ( Fig. 5) . Two trends in the data are particularly notable. First, trace element concentrations are generally greatest in groundwaters extracted from coarse-grained sediment units. The average Mo, W, and As concentrations are 12, 2, and 10 times greater in the groundwaters from coarse-grained sediments as compared to the fine-grained sediments ( Fig. 5 ; Appendix D). The average V concentrations, however, are not substantially different between locations with different grain-sized sediments. Second, trace element concentrations are generally elevated in October and February as compared to April, May, and September.
The computed speciation of the trace metals is shown in Fig. 6A and Appendix E. During times of elevated sulfide concentrations (i.e., October, February), thiomolybdates are predicted to form, whereas the molybdate oxyanion dominates during the spring and early fall when dissolved sulfide is substantially lower. Conversely, thioarsenate formation is predicted to occur during all seasons, although in much greater percentages in the winter and late fall. Thiotungstate formation is not predicted to be an important process during any season. The predicted speciation is consistent with measurements of thiotungstate formation constants, which indicate that W is less reactive towards S(-II) than Mo (Mohajerin et al., 2014 (Mohajerin et al., , 2016 . Formation of thiovanadates has not been reported in natural waters (Steudel, 1996) , and the speciation of V is dominated by the vanadyl cation (VO 2þ ). Geochemical modeling also predicts that FeeS minerals are likely to form during all seasons, especially during the late fall and winter (Fig. 6B ). More specifically, mackinawite is near or below saturation, whereas pyrite is consistently oversaturated. Formation of AseS minerals is expected to be negligible.
Discussion
Redox conditions in the marsh
Lac des Allemands experiences negligible tidal activity, and the marsh is perpetually saturated, prohibiting aerobic conditions and hence, oxidation of deep pore waters and sediments. Thus, it is not surprising that the marsh experienced reducing conditions during all sampling events of this study. Dissolved S(-II) concentrations are not expected to be particularly high in freshwater marshes as compared to brackish and saline marshes, owing to a greater distance from an oceanic SO 4 2À source compared to salt marshes (DeLaune et al., 2002a; Neubauer et al., 2005 ). For example, gaseous H 2 S emissions from freshwater marshes in Louisiana are 12 and 27 times lower than emissions from brackish and salt marshes, respectively (DeLaune et al., 2002a,b) . Instead, in freshwater marshes, Fe(III) reduction has been shown to be the most important redox buffer in the early summer followed by methanogenesis later in the year (Neubauer et al., 2005 Stumm, 1992; Kostka and Luther, 1995) . Geochemical modeling indicates that pyrite is likely an important sink for Fe in this system ( Fig. 6B ; Appendix F).
Input from Mississippi River
Previous studies suggest that Bayou Fortier is hydrologically connected to the Mississippi River via a buried; sand-rich crevasse splay deposit that truncates near the W4 well ( Figs. 1 and 2 ; Breaux, 2015; Kim, 2015) . For example, Kim (2015) used radon as a tracer to estimate that between 0.4 and 14.6 cm day À1 (2.2•10 4 m 3 day
À1
) of Mississippi River derived groundwater is discharged at the head of Bayou Fortier. The surface water concentrations of dissolved trace elements observed on a transect from the Mississippi River to Lac des Allemands, suggest that the Mississippi River has the potential to supply Lac des Allemands with dissolved V, Mo and W, whereas the As concentration in the river is less than that observed in the lake, indicating that the Mississippi River is not a source of As to Lac des Allemands (Fig. 4) . Tungsten, and to a greater extent, Mo, decrease significantly with distance from the river, decreasing from 1.67 nmol kg À1 to below detection and 19.6 to 2.46 nmol kg
, respectively, between the river and station 7 during the October sampling (Appendix C). Vanadium similarly decreases with distance from the river, but variability in the open lake concentrations obscures a definitive trend (Fig. 4) . The magnitude of hydraulic head difference driving groundwater flow from the Mississippi River to the interdistributary basin varies as a function of river stage, suggesting that any transport of trace elements from the river to the lake is likely to vary seasonally (Kolker et al., 2013) . Additionally, the concentrations of trace elements increased in the river between the May and October sampling trips, whereas the river stage decreased over this time, suggesting that trace element concentrations in the Mississippi River are not directly related to discharge ( Fig. 4 ; Appendix C). For example, previous work in the Mississippi River showed that Fe and Mn are highest in the fall and decrease in the spring, whereas V and Mo display the opposite trend (Shiller, 1997) . The variability in the concentration of these trace elements in Mississippi River water reflects redox processes in the river basin rather than hydrologic factors (Shiller, 1997 , where the molybdate oxyanion, MoO 4 2À , is converted to thiomolybdate complexes by reaction with H 2 S. More recent investigations point out that thiomolybdate anions are more particle reactive than the molybdate oxyanion, which ultimately leads to Mo removal from solution (Erickson and Helz, 2000; Vorlicek et al., 2004; Helz et al., 2014) . A mechanism proposed by Vorlicek et al. (2004) attributes formation of MoeFeeS cuboidal clusters on pyrite formed by ligand-induced reduction of Mo(VI) by polysulfides. However, Mo in Lac des Allemands groundwaters exhibits the opposite behavior: Mo is liberated under reducing conditions. Although the geochemical modeling predicts formation of thiomolybdates, sustained dissolved S(-II) concentrations greater than 11 mmol kg À1 are required for formation and persistence of thiomolybdates and sequestration of excess Mo by sediments (Erickson and Helz, 2000; Adelson et al., 2001) . Thus, at the seasonal scale, Mo speciation is kinetically controlled, and Mo may still exist as molybdate in Lac des Allemands groundwaters (Erickson and Helz, 2000) . Another possibility for this anamolous behavior is the influence of Fe. Low dissolved Fe concentrations favor the formation of organic S (Zaback and Pratt, 1992; Mongenot et al., 2000; Tribovillard et al., 2004) , and a study of S speciation in Louisiana freshwater marsh soils indicates that organic sulfur as ester-sulfate or carbon-bonded sulfur accounts for greater than 70% of the total sulfur in local marsh soils, with minor contributions from mackinawite and pyrite (Krairapanond et al., 1992) . Hence, Mo may also be associated with organic matter via bonding with S-compounds (Helz et al., 1996; Tribovillard et al., 2004; Algeo and Lyons, 2006) . Finally, reductive dissolution of Fe(III)/Mn(IV) oxides/oxyhydroxides may have occurred and released adsorbing ions such as molybdate (Froelich et al., 1979) . For example, during October and February, Mo is positively correlated with Mn (R 2 ¼ 0.46; p < 0.0005), an association commonly recruited to explain Mo behavior (e.g., Bertine and Turekian, 1973; Crusius et al., 1996; Tribovillard et al., 2006) . It is unlikely that such unexepected Mo behavior is unique to Lac des Allemands groundwaters, and further study of Mo in seasonally variabe redox settings will help elucidate these observations.
Tungsten
Similar to Mo, W also exhibits higher concentrations in Lac des Allemands groundwaters in the autumn and winter than in the spring and summer ( Fig. 5E ; t-test, p < 0.05). Tungsten also significantly correlates with Fe in the fall/winter (R 2 ¼ 0.53, p < 0.05), a relationship that is not observed in the spring. Given that the pH does not change appreciably between seasons, the elevated W concentrations in the fall and winter likely result from dissolution of Fe(III) oxides/oxyhydroxides rather than desorption reactions. The molal Mo/W ratio of Lac des Allemands groundwaters (72.3 ± 113) is less than that in the surface waters (111 ± 31.9) (Mann-Whitney test, 5% significance level), which is consistent with observations of greater W enrichment in pore waters relative to surface waters in other Mississippi Delta pore waters (Mohajerin et al., 2016) . Tungsten adsorption onto ferromanganese oxides is typically greater than Mo adsorption owing to the octahedral coordination and inner sphere complexation of W onto these metal oxides/oxyhydroxides as opposed to the tetrahedral coordination and outer sphere complexation of Mo adsorption (Kashiwabara et al., 2010 (Kashiwabara et al., , 2013 Gustafsson, 2003) .
Arn orsson and Oskarsson (2007) also observed elevated Mo/W ratios in peat soil groundwaters, which they attributed to adsorption of W onto organic matter, clay minerals and/or Fe(III) hydroxide. Furthermore, in organic-rich sediments, adsorption onto organic matter and clays may be more important than Fe(III)/ Mn(IV) oxide/oxyhydroxide surfaces (Arn orsson and Oskarsson, 2007) . Tungsten adsorption experiments also indicate that W adsorption is strongest on soils with the highest organic content, but the interaction with humic substances is not detailed (Koutsospyros et al., 2006) . The relationship between W and organic matter warrants further study.
Although W concentrations in the groundwaters show a seasonal trend, W concentrations in the surface waters do not vary substantially through space or time, and surface water concentrations are mostly below detection (Fig. 4D) . Therefore, although W is released from the sediments into the groundwaters, most of the generated W is probably readsorbed onto marsh sediment near the sediment-water interface. The W concentrations at the bayou surface sites (S6 and S7) in October and February are detectable in contrast to the other surface water sites, which may suggest that marsh sediments release some W to the bayou, which is then scavenged by bayou bottom sediments.
Arsenic
Similar to the other trace elements, As concentrations in groundwaters from Lac des Allemands are higher in the fall and winter than in the spring and late summer, coincident with high dissolved S(-II) concentrations. In sulfidic waters, As(V) is predicted to form thioarsenate species (Fig. 6A) . As thioarsenate, arsenic is less likely to be sequestered in the sediments ( Van der Weijden et al., 1990; Kirk et al., 2010; Burton et al., 2013) . Furthermore, groundwater dissolved As concentrations may be higher in the fall and winter compared to the spring because thioarsenite and thioarsenate sorb more strongly to Fe oxides/oxyhydroxides than to pyrite, and the groundwaters are more saturated with respect to pyrite during the fall and winter (Couture et al., 2013) .
Nevertheless, groundwater As concentrations are less than those observed in the bayou surface waters, signifying that the deep marsh groundwaters likely serve as a sink for dissolved As.
Previous studies argue that As is generally removed from waters where sulfate reduction is occurring via precipitation of arsenicsulfide minerals or co-precipitation with iron sulfide minerals (Kirk et al., 2004 (Kirk et al., , 2010 Bostick et al., 2004; Wolthers et al., 2005) . Geochemical modeling indicates that these groundwaters are all undersaturated with respect to AseS species (e.g., realgar, orpiment) during all sampling events. Precipitation of arsenic sulfide species is favored under conditions of low pH (pH ¼ 4e6), elevated As concentrations, and dissolved S(-II) concentrations low enough to prevent formation of thioarsenates/thioarsenites (Wilkin and Ford, 2006; Kirk et al., 2010) . Groundwaters from Lac des Allemands generally have a circumneutral pH (5.3e8.2) and low dissolved As concentrations (55.0 ± 103 nmol kg À1 ), indicating that precipitation of arsenic-sulfide species is not an important sink for As. Of the iron sulfide mineral phases, mackinawite is typically the first to precipitate (Schoonen and Barnes, 1991; Wolthers et al., 2005 ). Yet, the Lac des Allemands groundwaters are undersaturated with respect to mackinawite but are oversaturated with respect to pyrite (Appendix F). Furthermore, laboratory experiments indicate that As co-precipitation with iron sulfides occurs predominantly with pyrite (Kirk et al., 2010) . Therefore, the measured dissolved As concentrations and geochemical modeling of mineral saturation states of Lac des Allemands waters are consistent with sequestration of As in pyrite.
Vanadium
During October and February, the groundwaters at Lac des Allemands exhibited relatively high V concentrations compared to the concentrations in the surface waters from Bayou Fortier. Conversely, the April, May, and September sampling reveal similar concentrations between the groundwaters and surface waters or, in some cases, higher V concentrations in the surface waters than the groundwaters (Figs. 4F and 5G) . Therefore, during the fall and winter, the groundwaters appear to serve as a source of V to the bayou. However, because the groundwaters are relatively more reducing during the fall and winter, V is predicted to exist as vanadyl and should be less soluble due to its greater affinity for particle surfaces under reducing conditions ( Fig. 6A ; Breit and Wanty, 1991) . Vanadium is known to sorb to Fe(III)/Mn(IV) oxides/oxyhydroxides, organic matter, and clays (McBride, 1979; Wehrli and Stumm, 1989 ). Yet, if the potential host phases adsorbing V dissolve, V concentrations would increase in the groundwaters. As discussed above, Fe(III)/Mn(IV) oxides/oxyhydroxides are likely undergoing reductive dissolution in deep marsh sediments in the study region. However, V does not covary with dissolved Fe concentrations (R 2 ¼ À0.16, p > 0.05), indicating that upon reductive dissolution, Fe and V concentrations are regulated by separate mechanisms. Whereas dissolved Fe precipitates with dissolved sulfide to form iron sulfide minerals, dissolved V may be stabilized in solution by complexation with organic matter (Breit and Wanty, 1991; Wanty and Goldhaber, 1992; Lu et al., 1998; Pourret et al., 2012) .
Summary and implications for redox sensitive trace element cycling in the Mississippi River Delta
Analysis of redox-sensitive trace elements indicates that reductive dissolution of Fe(III)/Mn(IV) oxides/oxyhydroxides during the reducing conditions of the fall and late winter are important processes for supplying trace elements to pore waters. Therefore the source of trace elements may be related to the supply of reducible Fe/Mn oxides/oxyhydroxide minerals of coatings on sediment grains. Dissolved Mn concentrations increase with increasing grain size of the surrounding sediment, which explains why the farmland wells and Lac des Allemands well W4 have relatively high dissolved Mn concentrations and commonly exhibit higher trace element concentrations. This relationship is not observed for dissolved Fe concentrations, but Fe is reprecipitated as sulfide mineral as dissolved S(-II) concentrations increase. These results suggest that buried sand units with Fe(III)/Mn(IV) oxide/ oxyhydroxide coatings throughout the delta may serve as sources of dissolved trace element to pore waters and possibly surface waters, but more work to quantify the association of trace elements in the solid phase is necessary to determine the exact source of the trace elements. Fig. 7 shows a distribution of sand units throughout the Lac des Allemands region, which indicates numerous abandoned distributary channels that extend to the natural levee deposit of the Mississippi River. Where the distributary channels are connected to interdistributary lakes and bayous, they may serve as a source of trace elements to the basin and ultimately the Gulf of Mexico.
The marsh pore waters are also tightly coupled to redox reactions, including not only Fe(III) and Mn(IV) reduction but also sulfate reduction. In particular, trace element concentrations (Mo, W, As, V) increase in October and February, coinciding with more reducing conditions in marsh groundwaters. The increase in concentration is expected for W and As and is most pronounced for W. The increase in Mo and V concentrations, however, requires further explanation as both elements are expected to be more particle reactive under reducing conditions. The unexpected solubility of V has been demonstrated in other reducing basins, such as Framvarren Fjord and is attributed to aqueous complexation with dissolved organic carbon (Emerson and Huested, 1991) . Such a mechanism is likely also operating in the organic-rich waters at Lac des Allemands. The cause of Mo solubility under reducing conditions is less certain as most studies in reducing basins report sequestration of Mo even with sporadic H 2 S (e.g., Tribovillard et al., 2006 ). Molybdenum's persistence in reducing waters is likely related to kinetic effects. If so, this study suggests that in pore waters with seasonally variable redox conditions, Mo sequestration may not record paleoredox conditions as well as previously thought.
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Appendix A. Sample identification and location for surface water and groundwater sites Fig. 7 . Distribution of abandoned distributaries in the upper Barataria Basin (yellow). Channels were traced using Mississippi River Deltaic Plain 15-min quadrangle maps from the U.S. Army Corps and overlain on a compilation of high resolution orthoimagery from the USGS EarthExplorer database. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) Appendix B. Detection limits were calculated as three times the standard deviation of the blank, where the standard deviation was calculated from the blank concentrations of each element for all ICP-MS analyses 
